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Spin injection from Fe(001) and (Ga,Mn)As(001) into n-GaAs(001) was investigated using a
method which provides two-dimensional cross-sectional images of the spin polarization in GaAs.
While the distribution of the spin polarization below the injecting contact is nearly uniform for
(Ga,Mn)As, a strong confinement near the contact edge is observed for Fe and FeCo. The spin
polarization in GaAs changes sign when the injected current is reversed. Multiple sign reversals as
a function of bias voltage as reported previously for Fe injectors are not observed with (Ga,Mn)As
and Fe contacts grown on clean nþþGaAs in agreement with earlier results for an epitaxial FeCo
injector.VC 2011 American Institute of Physics. [doi:10.1063/1.3553932]
I. INTRODUCTION
Spin injection from a ferromagnetic contact into a semi-
conductor is a fundamental prerequisite for future spintronic
devices. Majority spin injection into GaAs(001) has been
observed from Fe1 and FeCo2 epitaxial contacts. However, a
complex bias dependence of the spin polarization was found
in the case of Fe contacts changing from sample to sample1
in contrast to FeCo which showed the expected sign reversal
of spin polarization when changing from electron injection
to extraction. To shed light on the effect of bias, spin injec-
tion into GaAs from Fe and (Ga,Mn)As was studied by a
cross-sectional imaging method2 which yields the two-
dimensional spin polarization distribution in the semiconduc-
tor even below the contacts.
II. METHODS
The geometry of sample and measurement is shown in
Fig. 1. All layers were grown by a molecular beam epitaxy
on semi-insulating GaAs substrates. The samples with Fe
or FeCo contacts consist of a 4 lm thick n-GaAs layer
(n ¼ 2  1016 cm3), followed by a 15 nm thick transition
layer n! nþþ and a 15 nm nþþGaAs layer. Details for the
FeCo growth can be found in Ref. 2. The sample was then
transferred into a second MBE chamber under UHV condi-
tions where Fe (2 nm) and Au (5 nm) were deposited.
For (Ga,Mn)As contacts, the sequence of layers was
as follows: 500 nm of a GaAs/AlGaAs superlattice, 3 lm of
a lightly Si-doped n-GaAs epilayer (n ¼ 4  1016 cm3), 15
nm of a n! nþþ Si-doped GaAs transition layer (nþþ
¼ 6  1018 cm3), 8 nm of nþþGaAs, 2.2 nm of low-tem-
perature (LT)-grown Al36Ga66As, and 20 nm of a LT-grown
Ga95Mn5As. The tunneling Esaki diode structure, transform-
ing spin polarized holes to electrons, is formed by the p-type
(Ga,Mn)As layer and nþþGaAs layer as described
elsewhere.3
Fully epitaxial growth was verified by a RHEED in all
cases. Optical lithography and Ar ion etching were used to
define the contact pads. Finally, the samples were cleaved
along the [1–10] direction across the ferromagnetic pads, thus
exposing the (110) surface and enabling direct optical access
to the n-GaAs channel (see Fig. 1). For the optical measure-
ments the sample was mounted in a He flow cryostat. The
cryostat itself is mounted on top of a nano positioner, thus
two-dimensional scans can be performed by moving the sam-
ple under the static laser beam. The z component of the elec-
tron spin polarization (i.e., the component along [110]) in the
n-GaAs channel is detected via the polar magneto-optical
Kerr effect (pMOKE). The photon energy of the linearly
polarized laser beam was chosen slightly below the bandgap
of GaAs (k ¼ 819 nm at 10 K); here, the specific Kerr rotation
shows a maximum and the penetration depth of the light of
more than 2 lm is significantly larger than the depletion depth
of the GaAs. A square-wave bias voltage alternating between
zero and VB is applied between two ferromagnetic contacts
and the Kerr rotation is detected synchronously with balanced
photo-receivers and a lock-in technique. This ensures that the
(quasistatic) magnetization of the ferromagnetic contacts does
not contribute to the Kerr signal.
The Kerr rotation angle, hK , versus the magnetic field
applied along the [110] direction (z direction) at a distance
of 1 lm below the contact is shown in Fig. 1. The Kerr
signal exactly reproduces the magnetization curve of the
(Ga,Mn)As or Fe injector, resp., which clearly demonstrates
that spins are indeed injected from the ferromagnetic contact
into the semiconductor. The same behavior was observed for
FeCo before.2
III. RESULTS
Figure 2 shows two-dimensional scans of the Kerr rota-
tion in GaAs, illustrated as a color coded map for the
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injection and the extraction case from (Ga,Mn)As. The mea-
surement was done in remanence after saturation along [110]
and [110], respectively and the difference between both
remanent values is used as a measure of the spin polarization
in GaAs. The decay of the spin polarization in both direc-
tions away from the (Ga,Mn)As contact can be well fitted
with an exponential. While the decay to the left is a superpo-
sition of drift and diffusion and depends on the applied bias
(9.1 lm decay length for injection), the spin diffusion length
can be extracted from the exponential decay to the right and
resulted to 3.36 0.3 lm for this sample.
Figure 3 shows two-dimensional scans with Fe as an
injector, again for both spin injection and extraction. A sig-
nificant difference is observed in the spin density distribu-
tion for both contact materials. While the spin polarization
for the (Ga,Mn)As sample shows only slight variations
below the contact for injection and extraction, the spin
injection from Fe is mainly concentrated at the edge of the
contact. A similar behavior was seen earlier for the FeCo
contact.2 Interestingly, the spin extraction is even more
confined to the Fe contact edge and the spin polarization
decays to a negligible value at about 10 lm from the edge
below the contact. The characteristic behavior for Fe and
(Ga,Mn)As injectors is practically the same for all contact
lengths between 8 and >100 lm.
The spatial spin density distribution for both contact
materials can be qualitatively understood with the following
assumptions:
1. The injecting contact represents an equipotential surface.
2. The voltage drop along the n-GaAs channel and the cur-
rent density distribution are affected both by the channel
resistance and the interface resistance.
For the (Ga,Mn)As sample, the interface resistance is
Ohmic and much larger than the channel resistance. As a
FIG. 2. (Color online) 2-dimensional scans of the Kerr rotation in the n-
GaAs channel, shown as a color coded map for spin injection and extraction
from a Ga95Mn5As contact.
FIG. 3. (Color online) 2-dimensional scans of the Kerr rotation in the
n-GaAs channel, shown as a color coded map for spin injection and extrac-
tion from an Fe contact.
FIG. 1. (Color online) (a) Basic geometry of the sample and measurement
principle. Voltage V is applied between two neighboring contacts. (b)
pMOKE Kerr rotation in the n-GaAs channel vs. applied magnetic field
below the (Ga,Mn)As contact representing the spin polarization in the semi-
conductor(inset shows respective signal for an Fe contact).
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consequence, the current density, jx, across the interface is
practically uniform along the channel. The current density
along the channel, jy, increases from right to left below the
contact. The spin polarization along the channel results from
the interplay between current density and spin relaxation.
Experimentally, this leads to a nearly uniform spin density
below the entire contact with a weak tendency to an increase
from right to left as seen in Fig. 2. In contrast, for Fe (or
FeCo) injectors I(V) curves between different contacts indi-
cate that the interface resistance of the Schottky barrier for a
bias voltage of 0.5 V is of the same order of magnitude as
the channel resistance. Therefore, the voltage across the
metal/GaAs interface decreases from left to right and, due to
the nearly exponential I(V) characteristic of the Schottky
contact, the current density and the spin polarization show a
drastic decrease away from the left contact edge. A quantita-
tive description of this effect is expected from numerical
simulations of the two-dimensional potential and current
density distribution within the sample structure.
The results shown in Figs. 2 and 3 are of considerable
relevance for electrical measurements of the spin injection in
a nonlocal geometry; e.g., in Hanle effect measurements, the
assumed position of the injected spin polarization directly
affects the extracted spin lifetime. Here the effective distance
between the injecting and the sensing contact may be differ-
ent from the geometric contact pattern and shift with the
applied bias voltage. In such a case, a unique feature of our
imaging technique is the possibility to directly evidence the
actual position of the spin injection.
The bias dependence of the injected spin polarization is
shown in Fig. 4 for a (Ga,Mn)As and an Fe contact. For
(Ga,Mn)As the bias dependence was measured in the center
below the contact while for the Fe sample it was measured at
the edge. Both graphs clearly show a sign reversal when
switching from injection to extraction.
In contrast to Fe and FeCo as injector materials the bias
dependence for (Ga,Mn)As is almost symmetric. This is prob-
ably connected with the band structure of (Ga,Mn)As and
GaAs and the band bending in the Esaki diode structure.4
Finally, the unexpected sign reversal of the spin polar-
ization as a function of the bias voltage for Fe on GaAs
reported in Ref. 1 for small bias voltages will be addressed.
It was suggested that surface bands are created by disorder
from which the preferred extracted spin is opposite to that
from the bulk conduction band,5 or that the observed sign re-
versal results from an interface resonant band which strongly
contributes to the tunneling conductance.6 The fact that
no sign reversal of current spin polarization was seen by
Kotissek et al.2 for injection from a bcc epitaxial FeCo con-
tact raised the question whether the different behavior was
due to the larger band filling expected for bcc FeCo com-
pared to bcc Fe. The present results for an Fe contact as seen
in Fig. 4 show that a different band filling is not the main
reason for the different behavior found in Refs. 1 and 2.
Instead, this indicates that the metal/GaAs interface resulting
from the particular sample preparation conditions plays a
decisive role. The strong influence of the interface between
Fe and GaAs was recently confirmed by Schultz et al. by
studying the effect of growth and annealing temperature on
the sign of the injected spin polarization.7
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FIG. 4. (Color online) Comparison of the bias dependence of the injected
spin polarization below the contact for (Ga,Mn)As/n-GaAs (a) and Fe/n-
GaAs (b).
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